We performed a numerical taxonomy analysis of 38 Mycobacterium paratuberculosis and related mycobacterial strains, including wood pigeon mycobacteria; this analysis was based on 22 tests, which were selected for their potential discriminative value from a total of 51 tests studied and produced four well-defined clusters. Cluster 1 contained the M. paratuberculosis strains, including two strains isolated from Crohn's disease patients; cluster 2 contained Mycobacterium avium and Mycobacterium intracellulare reference strains; cluster 3 consisted of the wood pigeon mycobacteria; and the only strain in cluster 4 was M. paratuberculosis 316F, which is used for antigen and vaccine production. Strains in cluster 1 were mycobactin dependent even when they were subcultured, whereas strains in cluster 3 were unable to grow on egg medium and their growth was stimulated by pH 5.5. Growth stimulation by pyruvate, resistance to D-cycloserine (50 pg/ml), and alkaline phosphatase activity also were characteristics that were useful for discriminating between clusters 1 and 3. The results of previous DNA-DNA hybridization studies have demonstrated that M . avium Chester 1901, M . paratuberculosis Bergey et al. 1923 , and the wood pigeon mycobacteria belong to a single genomic species, and we propose that the name of this species should be M. avium. On the basis of the results of previous genomic analyses based on restriction fragment length, the results of polymorphism studies, and DNA patterns determined by field inversion gel electrophoresis as well as the results of our phenotypic study, we propose that the species should be divided into subspecies which correspond to pathogenicity and host range characteristics. An emended description of M. avium Chester 1901 and descriptions of M. avium subsp. avium subsp. nov., M . avium subsp. paratuberculosis subsp. nov., and M. avium subsp. silvaticum subsp. nov. are presented; strains ATCC 25291, ATCC 19698, and CIP 103317 are the type strains of the three new subspecies, respectively.
Mycobacterium avium and Mycobacterium paratuberculosis have been shown to belong to a single genomic species by DNA-DNA hybridization studies (23, 40, 52) and determinations of the thermal stabilities of hybrids (52) . The close relationship between M . avium and M. paratuberculosis was demonstrated by the results of a comparison of the sequences of a 383-base-pair segment of the gene encoding the 65-kilodalton mycobacterial antigen. The sequences of the entire fragment have been found to be identical for M. avium and M. paratuberculosis, whereas the oligonucleotides within this segment consist of probes that are useful for differentiating M. avium from tubercle bacilli and Mycobacterium fortuitum (22) . The results of DNA-DNA hybridization studies have supported the identification of strains isolated from patients suffering from Crohn's disease as M. paratuberculosis but have failed to differentiate these strains from M. avium (31, 53) . Strains designated wood pigeon mycobacteria also have been shown to belong to the genomic species containing the M . avium and M. paratuberculosis type strains on the basis of determinations of percentages of DNA-DNA homology in which a spectrophotometric method was used (39) and on the basis of hybridization with radiolabeling in solution (23, 52) . Mycobacterium intracellulare is a genetically distinct species, as demonstrated by Baess in her pioneering studies of the DNA * Corresponding author.
relatedness of serovars of M . avium and M . intracellulare (1, 2); this finding was recently confirmed by workers who used DNA probes specific for either M . avium or M. intracellulare (38) .
However, other genomic approaches have revealed some differences among M . avium, M. paratuberculosis, and the wood pigeon mycobacteria. The restriction profiles of a large set of strains revealed stringent conservation of the genetic composition of M. paratuberculosis and high levels of heterogeneity within M . avium (9, 45, 49) . Restriction patterns may be difficult to interpret because usually they rely on the detection and comparison of more than 50 closely spaced bands. In order to simplify such analyses the following two techniques have been developed: restriction fragment length polymorphism (RFLP) analysis, which results in simplified patterns as determined by hybridization of endonuclease cleavage products with specific DNA probes, and pulsedfield gel electrophoresis (especially field inversion gel electrophoresis [FIGE] ), which allows the separation of large DNA fragments and thus an analysis of patterns composed of few bands after chromosomal digestion by endonucleases having low-frequency cleavage sites (6). The two methods have comparable sensitivities (27) .
RFLP analysis of the ribosomal or other DNA genes has shown that mycobacterial strains isolated from patients with Crohn's disease (namely, strains Ben, Dominic, and Linda) are identical to M . paratuberculosis (8, 30) and that M. (27) .
RFLP and FIGE analyses have established that M . avium, M . paratuberculosis, and the wood pigeon mycobacteria can be recognized and differentiated despite the fact they belong to a single species. The RFLP or FIGE patterns correlate well with differentiation based on pathogenicity and host range. M . paratuberculosis is the agent of paratuberculosis in ruminants (35) and may be involved in Crohn's disease in humans (7), whereas wood pigeon mycobacteria may cause paratuberculosis in bovine calves and tuberculosis in birds (11, 28, 29, 43) . Both organisms are isolated only from infected tissues, unlike M . avium, which is widely encountered in the environment and is the agent of tuberculosis in birds and various infections in other animals and in humans, especially in disseminated infections of patients suffering from acquired immunodeficiency syndrome (36, 48, 50) . Thus, it would be worthwhile to establish phenotypic tests that agree with the genomic classification. The differential characteristics proposed previously, based on biochemical tests, fatty acid composition, peptidoglycolipid content, and immunodiffusion analysis results, did not allow reliable identification of the different taxa (4, 5 , 13, 33, 40, 42) . The purpose of this study was to evaluate biochemical tests that are easily applied to this set of difficult-to-grow mycobacterial strains for consistent identification of M . paratuberculosis and wood pigeon mycobacteria. We propose a change in nomenclature in order to recognize the taxonomic implications of the numerous recent genomic and phenotypic studies of these closely related mycobacteria. Table 1 lists the 38 strains which we studied. All of the strains isolated from organs or feces were mycobactin dependent, at least when they were first isolated.
MATERIALS AND METHODS

Mycobacterial strains.
Isolation of the strains. Initial isolation of all of the strains was performed on Herrold medium, Middlebrook 7H10 medium, or Middlebrook 7Hll medium devoid of or supplemented with 2 mg of mycobactin per liter (16) , and an adequate medium was selected for subsequent subcultures. The M. avium and M . intracellulare type strains were subcultured on Lowenstein-Jensen medium.
Identification tests. The tests shown in Table 2 have been described previously (14) (15) (16) ; when necessary, some of these tests were performed on media supplemented with mycobactin. Stimulation by pyruvate (4.1 g/liter) and resistance to NaCl were tested on Middlebrook 7H10 medium; the ability to grow at pH 5.5 was determined on Middlebrook 7Hll medium. Drug susceptibility was studied on Middlebrook 7Hll medium, and resistance was determined by using the proportion method (16) . Mycolic acid determinations were performed by using the method of Daff6 et al. (12) .
Numerical taxonomy analysis. The numerical taxonomy analysis was based on the simple matching coefficient, and similarities were calculated by using the unweighted average linkage method (44). Tests were designated according to their RKC code numbers (37) .
RESULTS AND DISCUSSION
The 38 strains were subjected to 51 tests, including determinations of cellular and colonial morphology, optimal temperature for growth, growth on different media, production of pigment, tolerance to inhibitors, resistance to antibiotics, enzymatic activities, and mycolic acid content. Tests which gave positive or negative results for all strains were deleted from the numerical analysis. After we deleted these tests (which are reported below in the emended description of M . avium), the numerical analysis was performed by using the 22 remaining characteristics (Table 2 ) and generated four well-defined clusters (Fig. 1) .
Cluster 1, containing 18 strains, included the type strain of M . paratuberculosis and the two strains isolated from patients suffering from Crohn's disease. The other strains in this cluster were isolated from cattle, goats, and sheep; diagnosis of Johne's disease was confirmed for these animals by clinical evidence. The mean internal matching score for this cluster was 86%. The strains were characterized by an absolute requirement for mycobactin for growth (Table 2) . A FIGE analysis of seven strains in cluster 1 (strains 1,4, 6 , 9 , 11, 13, and 18 in the numerical taxonomy matrix [ Fig. 11 ) gave identical patterns, which were characteristic of M . paratuberculosis (27) .
Cluster 2, which had a mean internal matching score of 88%, consisted of six strains and included the type strains of M . avium and M . intracellulare. This demonstrates that differentiation of these two species cannot be achieved by using characteristics that are currently considered for numerical analysis (47) but requires other methods, such as hybridization to a specific probe (38) or a study of Tcatalases (46).
All of the strains in cluster 2 except the M. avium type strain have been found to be NaCl resistant, although Mycobacterium triviale is usually considered to be the only slowly growing mycobacterial species that is able to grow on 5% NaCl (18) . However, it should be noted that the test in this study was performed on Middlebrook 7H10 medium. This may explain the discrepancy with the results of previous studies of NaCl resistance, in which Lowenstein-Jensen medium was used.
Strain St18 was previously identified as an M . paratuberculosis strain and was selected as a working strain until Merkal reported the unusual cultural properties of this strain, its mycobactin independence, and the absence of pathogenicity for calves (34). Further studies of peptidoglycolipid content, RFLP data, and conventional and pulsedfield electrophoresis data established that this strain is in fact an M. avium serotype 2 strain (5, 10, 27, 49).
Strain 2103 was also identified as an M . paratuberculosis strain at first since this strain was mycobactin dependent and was isolated from a goat mesenteric lymph node. However, strain 2103 differed from M. paratuberculosis by the following characteristics: mycobactin independence after subculturing, the ability to grow in the presence of NaC1, suscep- tibility to cycloserine (50 pg/ml), and production of alkaline phosphatase. Pulsed-field electrophoresis patterns confirmed the differentiation of this organism from M . paratuberculosis (27). In addition, experimental infections of calves revealed pathogenicity similar to that of M. avium (20) since strain 2103 induced acute infections and killed the animals within 36 to 60 days after inoculation (43). Strain 12547 was isolated from a mesenteric lymph node of a deer. This strain did not exhibit the characteristic DNA pattern of M . paratuberculosis or wood pigeon mycobacteria as determined by pulsed-field electrophoresis (data not shown).
Strain M21, which was isolated from a wood pigeon, fell into cluster 2 because of cultural characteristics that were similar to those of M. avium. Growth occurred on egg medium and was not prevented by p-nitrobenzoate or by sodium chloride on Middlebrook 7H10 medium. Growth was not stimulated at pH 5.5. However, strain M21 exhibited a pulsed-field pattern that was characteristic of the wood pigeon mycobacteria (data not shown). Experimental infections demonstrated the ability of this strain to produce paratuberculosis in cattle and tuberculosis in hens (11, 28, 43).
Cluster 3 had a mean internal matching score of 91%; this cluster was composed of 13 strains (12 strains isolated from birds and 1 strain isolated from a mammal). All of the strains isolated from birds produced lesions in livers and spleens similar to those observed in birds infected with M. avium.
Concomitant pathogenicity for calves was confirmed by experimental infections with two strains (strains 6861 and 6409) (43) . Similarly, strain VI72, which was isolated originally from a wild ruminant suffering from Johne's disease, has been shown to cause avian tuberculosis in hens and paratuberculosis in calves (25, 43). Strains in this cluster are characterized by the inability to grow on egg medium and stimulation of growth by pH 5.5 ( Table 2) . Four strains belonging to this cluster were examined by FIGE and produced identical patterns, which were different from the profiles observed for M. paratuberculosis was first isolated in 1940 in a Weybridge, United Kingdom, laboratory (17) and is used as a live vaccine (17, 24). It is characterized by negative responses to all of the tests that are useful for discriminating among clusters 1, 2, and 3 ( Table 2 ) and differs from other M . paratuberculosis strains by its inability to grow on egg medium, its mycobactin independence, its lack of stimulation of growth by pyruvate, and its susceptibility to cycloserine. Numerical analysis split the 38 strains which we studied into four well-defined clusters (Fig. 1) . Cluster 1 corresponds to M . paratuberculosis; cluster 2 contains six strains, including the type strains of M . avium and M . intracellulare; cluster 3 contains the wood pigeon mycobacteria; and cluster 4 contains M . paratuberculosis 316F, which is used for vaccination. This separation based on cultural and biochemical tests is highly correlated with pulsed-field patterns and with pathogenicity, as confirmed by experimental infections in hens and calves (11, 27, 28, 43) .
The mean internal matching scores range from 85 to 91% for clusters 1 through 3. These percentages must be compared with circumspection with values reported in other numerical analyses which generated clusters corresponding to different mycobacterial species. In this numerical analysis we used a set of highly related strains and relied on selected tests. Our selection resulted in the high clustering levels observed in this study.
Of the 38 strains studied, 2 were not correctly identified by the tests which we used. The M . intraceflufare type strain and wood pigeon mycobacterium strain M21 both fell into cluster 2 along with M . avium strains. This misidentification may be explained by the nature of the tests. M . avium and M . intracellulare cannot be separated by cultural or biochemical tests but instead require hybridization to specific DNA probes or determination of the types of T-catalases (38, 46). Determinations of the serotypes by detecting peptidoglycolipids (mycoside C) are valuable but have to be interpreted carefully because DNA-DNA hybridization results lead to a classification of the serotypes between M . avium and M . intracellulare that is different from the Schaefer classification (2, 38, 51) .
The misidentification of wood pigeon mycobacterium strain M21 was also due to the use of primarily cultural tests since this strain had peculiar growth characteristics which were more like those of M . avium than those of the other wood pigeon mycobacteria, especially growth on Lowenstein-Jensen medium, tolerance to inhibitors (such as pnitrobenzoate), and absence of stimulation by pH 5.5.
M . paratuberculosis 316F, the only member of cluster 4, has been subcultured extensively since 1940 for antigen and vaccine production. This may explain the phenotypic and genomic differences now observed between this strain and the other M . paratuberculosis strains, as shown by our numerical analysis as well as by the peculiar pulsed-field pattern of this organism (27).
M . paratuberculosis and wood pigeon mycobacteria can be easily separated on the basis of their responses to six tests. M . paratuberculosis is characterized by a mycobactin requirement, the ability to grow on egg medium, tolerance to cycloserine (50 pg/ml), growth stimulation by pyruvate but not by pH 5.5, and an absence of alkaline phosphatase production. Wood pigeon mycobacteria have the opposite characteristics in these six tests. This set of tests includes five cultural tests and only one biochemical test. Lack of balance between cultural and biochemical discriminative criteria may contribute to the misidentification of frequently subcultured strains which become adapted to a particular medium (e.g., strain M21 as discussed above). Additional biochemical tests might greatly improve the set of identification tests used for such strains.
In order to take into account the results of genomic and phenotypic studies, we propose a change in nomenclature. M . avium, M . paratuberculosis, and wood pigeon mycobacteria have been shown to belong to a single genomic species. M . avium was described first, and thus the species name should be M . avium. The following designations are proposed: M . aviurn subsp. avium and M . avium subsp. paratuberculosis (as previously mentioned by several authors [18, 391) . The name M . avium subsp. silvaticum is proposed to replace the trivial designation wood pigeon mycobacteria and the " M . avium subsp. name columbae," which was suggested by Saxegaard and Baess in their recent study on relationships among M . avium, M . paratuberculosis, and wood pigeon mycobacteria (39). The subspecific epithet of M . avium subsp. silvaticum reflects the various sources of these peculiar mycobacteria, which have been isolated from wild animals, mammals (especially deer), and birds (especially wood pigeons and cranes).
Emended description of M. avium Chester 1901. Cells are short to long rods with no cord formation. Colonies may be smooth or rough. The colony type may change after first isolation from pathological material through subsequent subcultures. Most strains are nonphotochromogenic and may become yellow on aging. However, some strains are scotochromogenic and have bright yellow pigment. Growth occurs after more than 7 days at 37"C, which is the optimal temperature , and may require mycobactin and/or special media other than egg-based media. Growth may be stimulated by pH 5.5 or pyruvate. Strains do not produce niacin, peroxidase, nitrate reductase, urease, arylsulfatase, penicillinase, or P-glucosidase and do not hydrolyze Tween 80 in 10 days. Strains produce small amounts of thermoresistant catalase. All strains have the same mycolic acid pattern, namely, mycolate I (a-mycolate), mycolate IV (keto-myco-late), and mycolate VI (dicarboxymycolate) (12, 26) . All strains are resistant to thiophene-2-carboxylic acid hydrazide and isoniazid. Strains may be susceptible to pnitrobenzoate, ethambutol, pyrazinamide, rifampin, and streptomycin. Most strains are susceptible to ansamycin. The validity of the species has been demonstrated by the results of numerous DNA-DNA hybridization studies and by determinations of the thermal stabilities of the hybrids (1, 2,  23, 31, 52, 53) . The type strain is strain ATCC 25291. The guanine-plus-cytosine content is 70 mol% (3). The species includes both potential and obligate parasites and is divided into subspecies on the basis of pathogenicity and host range.
Description of M . avium subsp. avium. M . avium subsp. avium is frequently encountered in the environment and is the agent of tuberculosis in birds. It may be involved in infections of a very large set of animals (cattle, sheep, goats, pigs, cats, kangaroos) (20, 41) . The main infections in humans are pulmonary infections in adults, submandibular adenopathies in children, and disseminated infections in patients suffering from acquired immunodeficiency syndrome (36, 48, 50) . The type strain is strain ATCC 25291.
Description of M . avium subsp. paratuberculosis. M . avium subsp. paratuberculosis strains possess the properties of M . avium described above and the additional features indicated in Table 2 . A mycobactin requirement for growth is characteristic of the subspecies. Strains have not been isolated from the environment, are obligate pathogens for ruminants, and cause paratuberculosis, a chronic enteric disease (35) . This organism may be involved in Crohn's disease in humans (7). The type strain is strain ATCC 19698.
Description of M . avium subsp. silvaticum. M . avium subsp. silvaticum strains possess the properties of M . avium described above and the additional features indicated in Table  2 . Inability to grow on egg medium and stimulation of growth at pH 5.5 are characteristic of the subspecies. Strains have not been isolated from the environment, are obligate pathogens for animals, and cause tuberculosis in birds and paratuberculosis in mammals (11, 28, 29, 43) . The type strain is strain 6409 (= CIP 103317 [Collection Nationale de Cultures de Microorganismes, Paris, France]).
